SCExAO is the premier high-contrast imaging platform for the Subaru Telescope. It offers high Strehl ratios at near-IR wavelengths (y-K band) with stable pointing and coronagraphs with extremely small inner working angles, optimized for imaging faint companions very close to the host. In the visible, it has several interferometric imagers which offer polarimetric and spectroscopic capabilities. A recent addition is the RHEA spectrograph enabling spatially resolved high resolution spectroscopy of the surfaces of giant stars, for example. New capabilities on the horizon include post-coronagraphic spectroscopy, spectral differential imaging, nulling interferometry as well as an integral field spectrograph and an MKID array. Here we present the new modules of SCExAO, give an overview of the current commissioning status of each of the modules and present preliminary results.
INTRODUCTION
High contrast imaging is the exciting field dedicated to directly imaging substellar companions around other stars. Key to detecting these companions is the ability to: 1) spatially separate the star from the orbiting object and 2) detect the faint object in the presence of the bright speckle background of the star. Both of these goals are aided by advanced adaptive optics (AO) systems known extreme AO (ExAO) systems. These systems are single conjugate AO systems which operate at higher temporal and spatial frequencies than conventional AO systems and can offer ∼ 90% Strehl ratios in the near-IR (H-band). This not only allows for the light from the host star and companion to be spatially separated to a large extent, but also improves the speckle dominated noise floor enabling the detection of faint companions.
There are a handful of AO systems now capable of reaching this level of performance in better than median seeing conditions, which includes GPI, 1 SPHERE, 2 PALM3000, 3 MagAO 4 and LBTAO. 5 The Subaru Coronagraphic Extreme Adaptive Optics (SCExAO) instrument is the latest addition to this suite. 6 SCExAO is an instrument optimized for imaging and spectroscopic characterization at < 5 λ/D from the host star, a region the others can not easily access. In addition it is constantly evolving in order to incorporate the latest in state-of-the-art technologies. This makes it the ideal testbed for a high-contrast imager for an ELT.
In this paper we give an overview of SCExAO, including new modules, and outline the current commissioning status. We then go on to demonstrate the preliminary results achieved to date from science operation in regards to imaging disks, faint companions and dust shells around giant stars.
INSTRUMENT OVERVIEW 2.1 The SCExAO instrument
A schematic of the SCExAO instrument as of February 2016 is shown in Fig. 1 . A comprehensive overview of the instrument can be found in , so here we offer a basic overview and focus mainly on the new aspects of the instrument. In addition, we refer the reader for specific details and results about each module to the numerous other articles in the proceedings from this conference.
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SCExAO operates downstream of the facility AO system, AO188
16 at the Subaru Telescope. AO188 offers Strehl ratios of 30 − 40% in the H-band, in median seeing conditions. The corrected beam is injected into the bottom bench of SCExAO. After bouncing off of the 2000-element deformable mirror (DM, Bostom MicroMachines Corporation) the beam is split. Wavelengths shorter than < 950 nm are directed towards a periscope and routed to the visible bench. Longer wavelength light continues to propagate on the bottom bench (IR bench).
Light between 800-950 nm is fed to the pyramid wavefront sensor (PyWFS). This is the high order wavefront sensor SCExAO uses to reach ExAO levels of performance. This first stage of wavefront correction provided by AO188 is needed to make sure that the beam delivered to the PyWFS is within the linear range of the sensor. The PyWFS is used to drive the ExAO loop because of its exquisite sensitivity to high order modes and operates at 1.5-3.5 kHz with very low latency (∼ 1 ms). 7, 8 The left over light on the visible bench is used for scientific characterization by the VAMPIRES, FIRST and RHEA modules. VAMPIRES is an aperture masking inteferometer providing sub-diffraction limited spatial resolution images with polarimetry, and is commissioned and fully operational. 12, 17 FIRST is a pupil-remapping interferometer which provides spectral information in addition to high angular resolution images.
13, 14 It has not completed commissioning and is still undergoing further tests. RHEA, the newest addition is a high-resolution Echelle spectrograph with an integral field unit (IFU) for a feed (described in greater detail in Sec. 2.3).
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The light transmitted by the dichroic on the IR bench can be exploited for coronagraphy for example. In this case a number of coronagraphs including the Phase Induced Amplitude Apodization (PIAA) 18 and the vector vortex 19, 20 versions, to name a few. These coronagraphs are optimized for small inner working angle (1-3 λ/D) operation in the near-IR (J-K bands). Post-coronagraph the light is fed to a facility imager. This is currently HiCIAO 21 and in the very near future, the integral field spectrograph, CHARIS.
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The following subsections summarize some of the recent upgrades to SCExAO. 
Roof-prism based PyWFS
The pyramid optic in the primary wavefront sensor of SCExAO was replaced as it was only on loan. Obtaining a pyramidal optic is difficult. This is due to the fact that the four surfaces of the pyramid must meet at a single point, posing a serious challenge in polishing and that the tip of the pyramid must be sharp. A blunt tip will scatter/diffract light from the point-spread function (PSF) to regions of the pupil image that are not being used to measure the wavefront error or worse still, regions that are. In both cases this reduces the sensitivity of the wavefront sensor. For this reason we chose to build a PyWFS in a non-traditional approach. The concept utilizes two roof prisms oriented such that the roof vertices are orthogonal to one another (one runs vertical and the other horizontal) as shown in Fig. 2 . The prisms are positioned such that the vertices are in close proximity to one another (spaced by 20-50 µm) and close to the focus of the beam. This means that the input beam enters through the flat polished bottom surface of the first roof prism and leaves through the corresponding surface of the second roof prism. By diffracting light from the vertex with a HeNe laser in the visible, the angle of the roofs was determined to be 1.867 ± 0.107
• . This shallow angle is relatively easy to realize for a roof prism, but compounds the difficulty in fabricating a pyramidal optic.
The new optics were used to replace the original pyramid in SCExAO in early 2016. The assembly can be seen in the right panel of Fig. 2 pre-installment in SCExAO. The PyWFS was realigned and has been subsequently tested. It has been confirmed that there is no noticeable difference in performance between the original pyramidal optic and the new roof prism concept. A more detailed characterization is needed to confirm this unequivocally.
In addition to the upgrades to the hardware, there have been numerous initiatives to improve the control software as well. 7, 8 This includes a move to using a zonal basis set of modes for the control matrix (modes defined by the DM actuators) as they are orthogonal in DM and wavefront sensor space (nearly). In addition, some low order Zernike modes, namely tip/tilt and focus are incorporated as it was determined that the zonal basis set did not offer a strong response to these modes. Numerous improvements to the computation speed have also been made by way of using multiple GPUs, streaming pixels as they are collected by the camera to begin calculation rather than waiting for full frame to arrive and isolating process on various cores. This has resulted in a reduction of the latency to < 1 ms at a loop speed of 3.5 kHz. Most recently a linear, quadratic, Gaussian controller has been implemented to control the low order modes of the PyWFS control loop. The PyWFS is operational with an LQG, and in better than median seeing, the system is delivering Strehl ratios of 65-75%. Optimization of the software and parameters is needed to improve performance to the ExAO level goal.
The Replicable High-resolution Exoplanet and Astroseismology spectrograph
The RHEA spectrograph is unique in that it is fed by a single-mode fiber IFU. The IFU consists of a 3 × 3 array of 1 mm lenslets feeding single-mode fibers in the visible range. The projected on-sky separation of the fibers is 16 mas. The 9 fibers are injected into an instrument which was optimized for operation from 600-800 nm at a resolving power of ∼ 60000. RHEA is very small (see Fig. 3 ), occupying a footprint of less than 30 cm 3 , built from entirely off-the-shelf optics. The R2 Echelle grating and spectrograph as a whole are easily stabilized with very simple temperature control. This means the instrument can achieve an intrinsic precision of ∼ 1 m/s over a time period of days.
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The high spatial and spectral resolution make it ideal for mapping the surfaces of giant stars in order to study convection and stellar rotation for the first time, study resolved protoplanetary disk structures as well as for the detailed characterization of accreting protoplanets. 25 An instrument like RHEA behind SCExAO could potentially shed light on the accretion rate and in-flow velocity, which would allow the mass and density of the forming exoplanet to be constrained. This data combined with the spatial location in the protoplanetary disk will aid in refining planetary formation models which are currently unconstrained.
The fiber injection for RHEA is located on the visible bench and shares the light with the VAMPIRES module. To center the IFU on a star, an alignment camera is used. This camera looks at the star and a beam which is counter-propagated from the spectrograph to the IFU and steered onto the camera via a retro-reflecting cube simultaneously. By translating the IFU laterally, its possible to overlap the reverse injected beam with the star which will ensure that the star is aligned with the IFU and will be coupled in. The injection and spectrograph have been installed on SCExAO and are currently undergoing commissioning. We aim to have this module transition to full science operation by 2017. 15 
The Calibration Source
The calibration source has been upgraded so that now the user can remotely switch between light sources. As shown in Fig. 1 the calibration source box now hosts the super continuum source (Whitelase Micro, Fianium), the 650/1550 nm laser diodes combined by fiber splitter/coupler into a single fiber, a halogen lamp coupled into a single-mode fiber and a 1523 nm HeNe laser. These sources are collimated and then a mirror on a rotation stage is used to steer the beams into a collecting lens connected to a endlessely-single-mode fiber which routes the light to the SCExAO bench. Only one source can be injected at a time. The halogen lamp is used for flat fielding a test photonic spectrograph (not shown in the figure) as its spectrum is more stable than the super continuum source. All sources can be attenuated with the use of the neutral density filter wheels and the spectrum tailored as required. The calibration source now allows for the light to be remotely switched improving the speed and quality of calibration.
RECENT RESULTS
SCExAO is in a mixed state of commissioning and science operation. In this section we briefly outline some of the technical and scientific results to come from the instrument in the past year.
Advanced calibration speckles
Artificial speckles are now commonly used on high contrast imagers like GPI and SPHERE to calibrate the photometry (contrast) and astrometry of the faint companion. Recently we have demonstrated that it is possible to improve the stability of the speckle grid, which is used as a ruler to determine the astrometry and photometry of the companion, by modulating the phase of the speckles by 180
• rapidly 26 during an exposure. The modulation in phase means that the artificial speckle will coherently add in one instance and subtract in another, with the speckle background. If the modulation is fast enough that the speckle background is static over that time frame, and an exposure is taken during this period, then the resulting image is the sum of the two speckle fields which yields an image where the artificial speckle is incoherently summed with the speckle background. This is extremely important as the speckle is therefore not modulated by the background and retains its intended contrast and centroid location. In this way a speckle grid immune to perturbations by the background speckle field can be generated which will be very important for advanced high contrast imagers. The preliminary work showed a factor of 2-3× improvement in the stability of the grid in contrast and location 26 for only 100 modulations per second. It is believed that with faster operation, the stability will improve further. Recently we implemented a grid of speckles that are modulated in phase at up to 3.5 kHz. A thorough investigation of the performance of such a grid needs to be undertaken.
High performance atmospheric dispersion compensation
Residual atmospheric dispersion manifests as an elongation in the PSF and speckles while imaging in broadband. This results in light leaking around the coronagraphic mask which is typically optimized to suppress for an unresolved, circularly symmetric source. This in turn reduces the contrast and makes it harder to detect the close, faint companion. On ExAO systems where the wavefront errors are controlled to a high degree and result in 90% Strehl ratios in the H-band, the affect of residual atmospheric dispersion is a concern, especially for future ELT based observations. An atmospheric dispersion compensator (ADC) typically consists of two identical prisms which can be oriented to cancel the affect of the atmosphere. The control loop for driving the prisms to the required orientation is based entirely on a model, which takes into account the telescope elevation. This indirect method of atmospheric dispersion compensation is not ideal and is limited in accuracy.
Recently we demonstrated that artificial speckles projected into the focal plane could be used as a proxy to measure the residual atmospheric dispersion. The underlying concept is that not only will the speckles be elongated, but due to atmospheric dispersion, the speckles will no longer point to the photocenter (if a line is fitted to the broadband speckles it would not intercept at the photocenter). The point of intercept is known as the radiation center. By taking some careful measurements of the affect of the ADC orientation on the separation between the photocenter and radiation center, it is possible to use the speckles to minimize this distance and reduce the residual atmospheric dispersion to 1.4 ms in H-band in preliminary testing.
9, 27
With further improvements to the control loop this will be a very useful method to reduce stellar leakage in coronagraphs on ELTs.
Focal plane wavefront sensing
SCExAO employs a host of other wavefront sensors including a focal plane wavefront sensor. This sensor operates at the focal plane of the internal NIR camera (see Fig. 1 ) nominally in the H-band. It is based on measuring the Fourier phase of a focal plane image and relating that phase to that of the wavefront in the pupil (i.e. where the DM can be used to correct it). To break the degeneracy of the problem an asymmetric mask is needed in the pupil which discards a small portion of the light. This sensor has been used on SCExAO both in the laboratory and on-sky to correct for 8 low order Zernike modes. 10, 28 The advantage of the sensor is that it is in the focal plane where some of the science data is collected and as such minimizes non-common path errors. It is typically used in SCExAO to correct for low order aberrations and offset the zero-point of the PyWFS to keep it well within the linear range of operation. 
High-contrast imaging
With the Strehl ratio constantly improving behind SCExAO, preliminary science is now regularly under way. Figure 4 shows some examples of the data thus far. The data were acquired in the H-band. The left panel in Fig. 4 shows a reduced high-contrast image of Kappa Andromedae b and the right panel, the disk HIP79977. Both images were reduced using ALOCI/KLIP algorithms. The companion Kappa Andromedae b is clearly visible with a signal-to-noise (SNR) of 100 : 1 which is a 3× improvement of the original HiCIAO only observations for a similar total integration time. In addition, the inner working angle has reduced to 300 mas also greatly improved over HiCIAO. The SNR for HIP79977 is 3 − 7 a factor of 2-3× better than HiCIAO alone and the inner working angle also improved by a similar amount for a similar total integration time.
SHORT TERM UPGRADES
There are numerous short term upgrades we plan to make. These are summarized in this section.
Post-coronagraphic, high-resolution spectroscopy
A post-coronagraphic fiber injection is currently being developed to feed the light into the IR doppler (IRD) instrument soon to be installed at Subaru Telescope. 29 This injection unit will collect light post-coronargaph where the bright light from the star has been extinguished to a high degree so that the spectrum of the planet can be detected more cleanly. This will reduce the photon-noise from the star allowing for a higher signal-to-noise spectrum of the planet to be extracted. This will offer high resolution spectroscopic insights into the chemical composition of the brightest substellar companions and has never been attempted thus far. The fiber injection has been designed and is currently under construction.
Visible differential imaging
The VAMPIRES module is fully operational and producing diffraction-limited images in the visible. Recently, visible imaging has received a lot of attention due to the discovery that accreting exoplanets can be directly imaging at 656 nm.
25 VAMPIRES will undergo a face lift which will include utilizing a faster polarization switching element, moving to a two camera system (one for each polarization) allowing for maximum imaging speeds and enabling spectral differential imaging at H-alpha and several other wavelengths of interest. The rebuild is currently in the design phase and should be implemented by the end of 2016.
Nulling interferometry
A nulling interferometer takes beams from multiple telescopes, or in this case, multiple points of a single telescope pupil and combines them interferometrically just like an aperture mask, for example. In the case of a nuller however, the aim is to look for faint objects in the dark fringe, or so-called 'null' while the object rotates onsky. This is most intuitively done in a photonic coupler/splitter. If the phase of one of the arms is carefully controlled at the input to the coupler it is possible to get destructive interference at one port and all the light sent to second port. The light that has been suppressed is from the host star and since the faint companion is incoherent with this, it still continues to leak out the dark port of the coupler where is can be detected. In this way, the photon-noise from the star can be reduced and the detectability of the faint companion improved. A nuller based on a 3D laser written photonic chip is currently being commissioned at Subaru. 30 The system only has 2 ports thus far but upgrades to take light from numerous parts of the pupil are planned for the future. We aim to commission this module by mid-2017.
CHARIS
The integral field spectrograph, CHARIS, will replace the HiCIAO imager. A micro-lens array is used to section the focal plane into 'PSFlets' which are dispersed via a prism onto a H2RG detector. CHARIS will operate in a low resolution mode, R ∼ 20, mode from J-K band and in high resolution, R ∼ 85, mode in any single band.
23 CHARIS will provide spatially resolved spectral information that will be used to study the atmospheres of substellar companions, and differentiate the companion from speckles and background objects. It has been delivered to Subaru Telescope and is presently undergoing laboratory testing. Commissioning will begin in July and run through to the end of 2016.
The MKID array
SCExAO will also receive a dedicated Microwave Kinetic Inductance Detector (MKID) array. The array will consist of 20 kpixels and be optimized for efficient operation between 800-1400 nm. The MKID array will offer read-noiseless measurements at high speeds. This will be used for focal plane wavefront sensing and specifically designed to target long lived, chromatic speckle residuals. 31 It is projected that it will improve the contrast by 1-2 orders of magnitude close in to the host star. The MKID array will also offer energy discrimination. Although, initially the resolving power is predicted to be of the order 2-3 in the waveband of operation, with further improvements to the technology we forecast the resolving power could be as high as 10 when complete. The MKID array will be undergo commissioning in early 2017.
SUMMARY
The SCExAO instrument is ever increasing it's arsenal of high contrast imaging technologies and capabilities. The PyWFS was recently replaced with an entirely new design that may pave the way to simpler fabrication for ELTs. RHEA could be used to study the accretion rate of forming protoplanets. CHARIS and MKIDs combined together would push the wavefront control and imaging capabilities of a high contrast imager into uncharted territory and even enable reflected light imaging of Jovian planets from Subaru Telescope. SCExAO will continue to test new and interesting technologies all the while transitioning to a platform that can produce ground-breaking scientific discoveries in routine operation.
